The pathogenesis of sialodacryoadenitis was studied in gnotobiotic CD rats inoculated intranasally with the causal virus. Virus replication was detected sequentially in the nasopharynx, tracheobronchial tree, cervical lymph nodes, submaxillary and parotid salivary glands, exorbital gland, and Harderian gland. Acute rhinitis appeared within 2 days after inoculation, and salivary glands had lesions in 4 days. Early changes in salivary and exorbital glands were characterized by necrosis of ductal epithelium, which rapidly progressed to widespread acinar necrosis, marked inflammation, edema and total effacement of glandular architecture. Harderian glands also had massive necrosis of tubuloalveolar units. Repair in all glands was characterized by marked squamous metaplasia of ducts. Neutralizing and complement-fixing antibodies were detected in 7 days, and there was a concomitant decrease in tissue-virus titers. There was no detectable evidence for hematogenous spread of virus or for retrograde infection by way of major salivary ducts.
Sialodacryoadenitis is a common infectious disease of rats characterized by self-limiting inflammation of salivary and lacrimal glands. Recent work established that the etiologic agent is a coronavirus [ 11 antigenically related to mouse hepatitis virus, coronavirus of rats [8] , and human coronavirus OC38 (2).
We previously showed that the virus has an affinity for salivary gland ductal epithelium [5] , but the pathogenesis of sialodacryoadenitis has not been reported. Results of virological, serological, structural and immunofluorescent studies of the disease in experimentally infected young adult gnotobiotic rats are given.
Materials and Methods
Forty 9-to 10-week-old gnotobiotic caesarian-derived (CD) rats (Charles River Breeding Laboratories, Wilmington, Mass.) 150-180 g in weight were housed in sterile rigid plastic isolators and fed sterile rat food and water ad libitum. Previous studies determined that the colony from which these rats were obtained was free of detectable serum antibodies to virus and that CD rats are susceptible to infection with this agent [5] . Isolators were monitored for bacteria by repeated sampling of feces, bedding, and water bottles.
Germfree CD-I rats were inoculated with 8th rat-salivary-gland passage virus. Virus passages were made by inoculating gnotobiotic rats intranasally with suspensions of infected salivary glands. Salivary glands were collected on day 5 after inoculation, homogenized as a 10% w/v suspension in minimum essential medium-Hanks' base containing 50% fetal bovine serum (MEMH-FBS) and centrifuged at 900g for 20 min. The clarified supernatant was stored at -64°C until used. Virus titrations were carried out in primary rat kidney culture as previously described [I]. Rats were inoculated intranasally with 0.1 ml of 10% infected salivary gland suspension containing 1 04.0 median tissue culture infective dose (TCID,,) of virus.
Rats were anesthetized with ether and exsanguinated. Serum was separated from clotted blood by centrifugation and stored at -20°C. Additional aliquots of blood were collected in anticoagulant (disodium ethylenediaminetetraacetate) and allowed to sediment by gravity. Sections of trachea, right lung, cervical lymph node, submaxillary (with sublingual) and parotid salivary glands, exorbital and Harderian lacrimal glands, thymus, spleen, liver, kidney, and eye were collected aseptically from each rat and frozen at -64°C prior to titration for virus. Additional sections of these tissue were either quick-frozen in dry-ice/alcohol baths or fixed in 10% neutral buffered formalin. The left lung was inflated with either formalin for histological examination or with OCT compound (Ames Co., Elkhart, Ind.) and quick-frozen. Nasopharyngeal cavities were washed with sterile isotonic saline. Sections of gastrointestinal tract, urogenital tract, endocrine glands, pancreas, and brain were also collected in formalin.
Tissues were homogenized (10% w/v) in MEMH-FBS, and clarified by centrifugation. Supernatants were serially diluted, and inoculated into cell cultures, and examined for cytopathic effect as previously reported [I 1. Endpoints were calculated as described [9] .
Neutralization and complement-fixation tests were performed as described elsewhere [I].
Immune ascitic fluid was produced by standard methods in multiparous mice known to be free of mouse hepatitis virus [6] . The IgG fraction was prepared by ammonium sulfate precipitation and anion exchange chromatography and was conjugated to fluorescein isothiocyanate (Lot 1 121 253, Baltimore Biological Laboratories, Cockeysville, Md.) as described [3] . Goat anti-mouse y-globulinfluorescein isothiocyanate (Lot AA720073, Antibodies Incorporated, Davis, Calif.), goat anti-rat y-globulin, and goat anti-mouse y-globulin (Hyland Laboratories, Costa Mesa, Calif.) were also used. Sections of snapfrozen tissues 6 pm thick were fixed overnight at -20°C in acetone and stained by the direct or indirect fluorescent antibody technic. They were examined with a Zeiss microscope fitted with an HB0200 Osram lamp, a BG12 ultraviolet exciter filter, and numbers 44 and 53 barrier filters. Selected fields were photographed with Plus-X film (Eastman Kodak, Rochester, N. Y.) processed for 400 ASA. 
Results
Rats were free of clinical signs until day 5 when some began to squint and some rubbed their eyes with their forepaws. Palpable cervical swellings, caused by enlarged salivary glands and cervical lymph nodes, were detected in most rats by day 5 and persisted through day 10 (the last observation day). Transient periods of sneezing occurred in a few animals on day 6. Isolators remained bacteriologically sterile throughout the experiment.
Virus was recovered from the respiratory tract by day 1 ; cervical lymph nodes by day 2; and salivary glands, exorbital glands, and Harderian glands by day 4 (fig. 1 ). Traces of virus were recovered from eyes on days 1,4, and 5 and from Harderian glands on days 1-3. This finding was most likely caused by autocontamination and cross-contamination of eyes by nasal secretions. Virus was not detected in spleen, liver, thymus, or blood (serum, erythrocytes or buffy coat). Titers tended to rise more sharply and to peak at higher levels in glandular organs than in the respiratory tract and lymph nodes. There was some variation in the amount of virus in tissues from any one rat. For example, it was not unusual to recover virus in high titer from the parotid gland but not to recover it from the adjacent submaxillary gland. Similarly, viral replication in the Harderian glands usually occurred after infection of the salivary glands and exorbital glands, but virus was recovered from the Harderian gland of several rats on days 4 and 6 when their parotid or submaxillary glands, or both, were free of detectable virus. Virus was recovered from all rats through day 7, but it was recovered from glands of only two of nine rats from day 8 through 10.
Immunofluorescent studies showed viral antigen in the respiratory tract, submaxillary glands, parotid glands, exorbital glands and Harderian glands. In the respiratory tract, viral antigen was largely restricted to mucosal epithelium and by day 2 was detected in nasopharynx, trachea and bronchi as widespread foci of intracytoplasmic fluorescence. Mucosal fluorescence became more generalized through day 5 ( fig. 2 ) then decreased substantially. Several small foci of intracytoplasmic fluorescence were detected in acinar cells of submucosal glands in the nasopharynx and trachea during the first few days of infection.
Intracytoplasmic viral antigen was first seen in ductular epithelium of the submaxillary, parotid, and exorbital glands on days 3, 4 and 5, respectively ( fig. 3 ). Patchy intracytoplasmic fluorescence then appeared in acini and rapidly progressed to widespread parenchymal involvement. Clumps of granular fluorescing material also occurred and probably represented viral antigen in necrotic acinar tissue. Acinar fluorescence was most marked by day 6 and then decreased, although isolated foci were seen in glands from several rats from day 8 through 10. Fluorescence was intense in submaxillary glands at the peak of infection, but fluorescence was never detected in adjacent sublingual glands. Widespread intracytoplasmic fluorescence was seen in tubuloalveolar epithelium of Harderian gland by day 7, although the extent of involvement varied among individual rats necropsied on a given day. Viral antigen was still detected in one rat on day 10.
There was close correlation, in most rats, between recovery of infectious virus and detection of viral antigen. In several rats, however, viral antigen was seen in tissues from which infectious virus was not recovered, and vice versa.
Fluorescence was not detected in tissues that had little or no detectable virus (liver, kidney, eye, spleen, thymus). Fluorescence was not seen in cervical lymph nodes, even though infectious virus was recovered from them. (Spleen and lymph node were stained by the direct technic to preclude nonspecific staining of nascent immunoglobulin by goat anti-mouse conjugate.)
Since viremia was not detected in inoculated rats, the possibility that sialoadenitis resulted from retrograde infection of salivary ducts was tested.
Ten gnotobiotic CD-1 rats were inoculated intranasally with virus, and one rat was killed each day for 10 days. Tissues were collected and examined as previously described. In addition, anterior and posterior segments of left and right parotid and submaxillary ducts were examined by indirect immunofluorescence. Rats developed typical lesions, but viral antigen was not detected in extraglandular ductular epithelium even after widespread parenchymal fluorescence occurred.
Gross lesions were restricted to salivary glands, exorbital glands, cervical lymph nodes, Harderian glands, thymus, and lung. Submaxillary and parotid salivary glands and cervical lymph nodes were bilaterally enlarged, pale, and edematous in most rats examined from day 5 through 10. Periglandular connective tissue was also markedly edematous. In contrast, exorbital glands were only occasionally enlarged. Thymuses from most rats examined after day 5 were about half normal size. Harderian glands were enlarged by day 7 and were flecked with yellow-gray spots. These changes were occasionally unilateral. Lung lesions consisted of a few 1-2 mm gray nodules in several rats.
Histological changes were found in the respiratory tract, salivary glands, exorbital glands, cervical lymph nodes, Harderian glands, and thymus.
Nasopharyngeal lesions appeared by day 2 as focal necrosis of respiratory epithelium. The lamina propria was congested, and edematous and mucosal epithelium and lamina propria were infiltrated by neutrophils and lymphoid cells ( fig. 4 ). Mucosal necrosis became more widespread during the next several days, lymphoid cells became more prominent in inflammatory exudates, and nasal meatuses contained mucus, neutrophils, and necrotic cellular debris. Focal necrosis of glands in the lamina propria was detected by day 6, but remained mild. Rhinitis began to subside by day 7, and respiratory mucosa was quickly reconstituted.
Mild, nonsuppurative tracheitis appeared by day 3. It was characterized by focal necrosis of mucosal epithelium, lymphoid cell infiltration, and mild edema of the lamina propria.
Peribronchial lymphoid nodules were detected in lung by day 2 and were found in most lungs examined on subsequent days.
Lesions in submaxillary salivary glands were found by day 4 and were characterized by necrosis of salivary ductular epithelium ( fig. 5 ), which rapidly progressed to include necrosis of acinar epithelium. Necrosis was accompanied by moderate to marked interstitial edema with infiltration by lymphoid cells and neutrophils ( fig. 6 ). Glandular architecture was rapidly effaced by widespread degeneration, necrosis, edema, and inflammation. Inflammatory edema, sometimes accompanied by focal hemorrhages, was also prominent in periglandular connective tissue. Cellular infiltrates consisted of lymphoid cells, neutrophils, and occasionally substantial numbers of large mononuclear cells. Squamous metaplasia of ductular epithelium appeared by day 6 and became more prominent through day 10 ( fig. 7) . The sublingual salivary gland remained free of lesions in all rats, despite the severe necrotizing sialoadenitis in the adjacent submaxillary gland ( fig. 8 ).
Development of parotid lesions generally paralleled that in submaxillary gland. Focal nonsuppurative interstitial parotitis with mild necrosis of ductular epithelium was detected by day 5 and progressed rapidly to widespread parenchymal necrosis with marked interstitial inflammatory edema. By day 7, most lobules were effaced by massive necrosis, edema, and extensive infiltration by neutrophils, lymphoid cells and large mononuclear cells. Squamous metaplasia of ductular epithelium was prominent by day 10, but marked parotitis persisted. Frequently, collections of hyperchromatic regenerating acinar cells were detected in submaxillary and parotid glands late in disease Exorbital gland lesions began by day 4 as mild periductular lymphoid cell infiltrates that progressed to necrosis of ductular epithelium, marked nonsuppurative periductular inflammation ( fig. 9 ) and intracytoplasmic vacuolization of acinar cells and finally to widespread necrosis of acinar epithelium with massive interstitial inflammatory edema by day 6 ( fig. 10 ). Ectasia of intact excretory ducts appeared by day 7, and squamous metaplasia of ductular epithelium was prominent by day 9.
Lesions were detected in Harderian glands by day 7 and consisted of degeneration and necrosis of tubuloalveolar glands with marked interstitial edema and infiltration by lymphoid cells and neutrophils ( fig. 11, 12 ). Squamous metaplasia of tubuloalveolar epithelium became prominent during the next few days, but necrosis and inflammation persisted through day 10 ( fig. 13 ).
Cervical lymph nodes were markedly hyperplastic by day 5. Cortices contained large, active germinal centers, and medullary cords gradually filled with plasma cells. Widespread focal necrosis was seen in cortical and paracortical regions by day 6, and nodes were occasionally congested and had focal cortical hemorrhages. Lymph nodes were not edematous, but perinodal ( fig. 7) . is effaced by severe sialoadenitis. Squamous metaplasia is evident in a salivary duct. The adjacent sublingual gland is normal. Day 6. Fig. 9 . Exorbital gland with necrosis of a duct, and mild periductular inflammation. There is also mild interstitial inflammatory edema. Day 5 . Fig. 10 . Exorbital gland with more severe changes. Note widespread cytoplasmic vacuolization, necrosis, and inflammatory edema. Day 7.
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12 Fig. 11. Normal Harderian gland.  Fig. 12. Harderian gland with severe necrosis and marked interstitial inflammation. Day 8. connective tissue was markedly edematous and contained infiltrates of lymphoid cells and neutrophils. Thymic lesions were limited to focal necrosis of cortex and medulla with some widening of interlobular septa. The liver, spleen, kidneys, pancreas, gastrointestinal tract, gonads, brain, and eyes remained structurally normal.
To summarize, lesions first appeared in the respiratory tract, then in the salivary glands and exorbital glands, and finally in the Harderian glands. Tissue repair was essentially complete in the respiratory tract by day 10, but regeneration in salivary, exorbital and Harderian glands occurred against a background of persistent inflammation. There was some variation in the distribution, severity, and time of onset of lesions. For example, some rats necropsied on a given day had advanced lesions of sialodacryoadenitis whereas others had only incipient or mild lesions. Similarly, some rats had marked submaxillary sialoadenitis whereas adjacent parotid glands were essentially normal. A chronological summary correlating the presence of histological lesions, infectious virus, and viral antigen is shown in figure 14.
Low titers of neutralizing antibody and complement-fixing antibody were detected by day 7 (table I) . 
Discussion
These studies confirm that experimental sialodacryoadenitis in gnotobiotic rats is clinically and pathologically identical to the naturally occurring disease. Viral replication, assayed in vitro, and by immunofluorescence, occurred first in the nasal cavity and tracheobronchial tree, then in salivary glands, exorbital glands and cervical lymph nodes, and finally in Harderian glands. Similarly, lesions were largely restricted to the same tissues. The thymus was atrophic and focally necrotic in many rats during the height of infection, but since virus was not detected in thymic tissue this lesion may have been secondary to stress-mediated release of lymphocytolytic corticosteroids. Infection was self-limiting; by day 7 virus was not detectable in most tissues and reparative processes had begun.
Sialodacryoadenitis virus was highly epitheliotropic, since, with the exception of lymph node, only tissues of either ectodermal or entodermal origin were infected. Replication in the respiratory tract was largely limited to mucosal epithelium. This is in contrast to lesions induced by rat coronavirus, which causes interstitial pneumonitis in adult rats [8] . Our histological and immunofluorescence data also confirm earlier work that showed that sialodacryoadenitis virus has a predilection for salivary ductal epithelium [5] . The epitheliotropism of the virus is also reflected in vitro, since viral replicaion in primary rat kidney cultures tapers off when fibroblasts proliferate [l] .
Despite the affinity of virus for salivary gland, it has specificity for certain types of salivary tissue. Thus, it replicated readily and produced severe adenitis in the submaxillary gland, whereas the adjacent sublingual gland remained uniformly free of lesions and viral antigen. The reason for this was not apparent.
The variation in the severity and stage of lesions among animals necropsied on a given day could have resulted from variations in susceptibility, since rats were not inbred. Alternatively, intranasal inoculation is nominally a semiquantitative technic, so individual rats may have received different doses of virus and developed lesions at different rates and degrees of severity.
The mode of spread of virus from the respiratory tract to salivary and lacrimal glands is unknown. The natural route of entry is likely to be through the respiratory tract. Three routes of spread from the respiratory tract should be considered : hematogenous route, retrograde infection via salivary ducts, and contiguous spread. Although serum, erythrocytes and buffy coat remained free of infectious virus, it is possible that small quantities of virus were carried undetected in the blood. It might be valuable to attempt concentration of blood-borne virus by more sophisticated technics such as ultracentrifugation before inoculating cultures or to examine concentrated serum fractions by electron microscopy. Alternatively, viremia may be transient, so that more frequent sampling early in disease is required to detect infectious virus.
There was no immunohistochemical evidence for retrograde infection of salivary ducts. Lacrimal ducts were not examined. It might be worthwhile to confirm this finding by attempting to isolate virus from ducts resected at various times early in infection.
Since it is known that sialoadenitis is accompanied by marked inflammatory edema of periglandular connective tissue it seems likely that virus reaching the cervical lymph nodes draining the nasopharynx could spread to adjacent tissues in edema fluid. This still fails to explain how lacrimal gland infection occurs.
Clearance of virus from affected tissues was closely associated with appearance of neutralizing and complement-fixing antibody. This suggests that serum antibody plays an active part in limiting infection. On the other hand, the role of cell-mediated immunity and secretory antibody should also be examined, since it is known that they are important for recovery from viral infections [4, 71.
Several coronaviruses can cause rhinitis in man [2]. Since sialodacryoadenitis virus causes acute rhinitis in rats, it may be a useful model for studying the pathogenesis of upper respiratory infection. Furthermore, since chronic respiratory disease is a major syndrome in rats, the role of the virus as a co-pathogen, particularly in early stages of infection, should be considered.
